Vasoactive intestinal polypeptide (VIP)-and substance P-containing nerve fibers were observed in the cerebral blood vessels using an immunohistochemical technique. VIP-containing nerve fibers distributed in a spiral pattern, similar to that of muscle cells. Under elec tron microscopic observation, VIP-immunoreactive ter minals lay close to a muscle cell in the inner layer of the adventitia. In contrast, substance P-containing nerve fi bers showed a meshwork pattern in the outer layer of the adventitia. Using both acetylcholinesterase (AChE)
Recent advances in immunohistochemical tech niques have demonstrated peptide-containing neuron systems in the brain. Substance P, vasoac tive intestinal polypeptide (VIP), and some other neuropeptides exist in both the gut and brain. In some systems, one neuron seems to contain both classical transmitter and peptide: serotonin and substance P (Chan-Palay et aI., 1978; Hokfelt et aI., 1978) , dopamine and cholecystokinin (Hokfelt et aI., 1980a,b) , or acetylcholine and VIP (Lundberg et aI., 1980; Lundberg, 1981) .
In the investigation of the innervation of the ce rebral blood vessels, peptide-containing nerve fi bers running along the pial blood vessels-e.g., staining and VIP immunohistochemistry, AChE-positive and VIP -immunoreactive nerve fibers revealed almost the same distribution in the same specimen. The present data suggest that VIP-containing nerve fibers may play a role in the smooth muscle control of the blood vessels, whereas substance P-containing nerve fibers may not take part in muscle control. Key Words: Cerebral blood vessel-Electron microscopy -Immunohistochem istry-Substance P-Vasoactive intestinal polypeptide. substance P (Edvinsson et aI., 1981; U ddman et aI., 1981; Edvinsson and Uddman, 1982; Furness et aI., 1982; Liu-Chen et aI., 1983) , VIP (Larsson et aI., 1976; Edvinsson et aI., 1980) , pancreatic polypep tide (Uddman et aI., 1982) , and gastrin-releasing polypeptide (Uddman et aI., 1983 )-were demon strated beside sympathetic (peripheral aminergic) and parasympathetic (peripheral cholinergic) nerve fibers (Nielsen and Owman, 1967; Iwayama et aI., 1970; Nelson and Rennels, 1970; Edvinsson et aI., 1972; Itakura et aI., 1977a) . Small intraparenchymal blood vessels were also found to be innervated by central noradrenaline (Edvinsson et aI., 1973; Raichle et aI., 1975; Bates et aI., 1977; Itakura et aI., 1977b; Swanson et aI., 1977) and serotonin (Reinhard et aI., 1979; Itakura et aI., 1984) nerve fibers.
Although a few studies have shown the distribu tion of peptidergic nerve fibers in cerebral blood vessels, these nerve fibers have not yet been studied in detail. In the present investigation, we studied the detailed distribution pattern and ultra structure of substance P-and VIP-containing nerve fibers along the cerebral blood vessels by peroxi dase anti peroxidase immunohistochemistry (Stern berger, 1979 ) and compared these nerve fibers with aminergic and cholinergic ones by means of a com bination of amine histofluorescence or acetylcholin esterase (AChE) staining and peroxidase antiperox idase immunohistochemistry.
MATERIALS AND METHODS

Animals and preparation
Fifty guinea pigs weighing 300-400 g were used. Under pentobarbital anesthesia (Nembutal, 50 mg/kg, i.p.), the animals were perfused with 500 ml of a mixed solution containing 2% paraformaldehyde, 0.3% glutaraldehyde, and 0.2% picric acid buffered with 0.1 M phosphate buffer (pH 7.4, 2-4°C) at a flow rate of 60 mllmin. After the perfusion, the brain was removed. The cerebral blood vessels were dissected out under an operative microscope and stored at 2-4°C overnight in a fixative similar to that used for perfusion except that it lacked glutaraldehyde. The materials were stored in 0.3 or 0.1% Tr iton-X [for light (LM) or electron (EM) microscopy, respectively] in phosphate-buffered saline at 2-4°C for 4 days.
Immunohistochemical incubations
Immunohistochemical reactions were performed as fol lows (Sternberger, 1979; Kimura et ai., 1981) : The blood vessels were reacted with anti-VIP or anti-substance P antibodies (diluted 1 :5,000 in Tr iton-X phosphate-buff ered saline, 37°C) for 2 days. After rinsing with Tr iton-X phosphate buffered saline solution, the materials were treated with goat anti-rabbit immunoglobulin (Miles; di luted 1:200) at room temperature for 3 h. After brief rinsing, the specimens were treated with peroxidase an tiperoxidase solution (Miles; diluted 1: 1 ,600) at room temperature for 3 h. After rinsing with Tr iton-X phos phate-buffered saline, the specimens were reacted with diaminobenzidine for 10 min. They were immersed in 0.1 or 1% OS04 solution (for LM or EM, respectively) buff ered with 0.1 M phosphate buffer for 1 min or 2 h, re spectively. For LM the materials were dehydrated with alcohols, placed on coverslips, and observed under a light microscope (Biophoto; Nikon). For EM the materials were dehydrated with alcohols and embedded in Epon. Ultrathin sections were made with a Sorvall Porter-Blum MT2-B uitratome, and observed without staining under an electron microscope (H300; Hitachi). Antisera VIP and substance P antisera utilized in this study were raised from rabbits (code nos: VIP, V 128 and substance P, 353 Immunonuclear Corp., MN, U.S.A.) (Elaine et ai., 1982; Pol and Anthony, 1982; Stone et ai., 1982; Lorez et ai., 1983; Obata et ai., 1983; Otten and Lorez, 1983) . The specificity of the antisera for VIP and that for substance P was established in the absence of immunoreactive staining after preabsorption of the antisera with 1, 10, and 50 fLM of pure VIP and substance P (Sigma). 1984 Combination of AChE staining and immunohistochemistry Immunohistochemistry was performed as described above. After diaminobenzidine reaction, photomicro graphs of the specimens were taken under the light mi croscope without dehydration. After removal from a glass slide, each specimen was processed for AChE staining according to a modification (Hanker et ai., 1973) of the method of Karnovsky and Roots (1964) . Briefly, the spec imen was reacted with Karnovsky-Roots solution con taining 0.75 mg/dl thiocholine for 2 h at 4°C. After washing with Tr is-HCI buffer, the diaminobenzidine reac tion was performed for 5-20 min. The specimen was de hydrated, cleared, and observed under a light micro scope.
Combination of catecholamine histofluorescence and immunohistochemistry
To visualize amine fluorescence and immunoreactive fibers in the same specimen, we combined the glutaral dehyde method devised by Furness et ai. (1982) with per oxidase antiperoxidase immunohistochemistry. The ani mals were perfused with a mixed solution of 2% parafor maldehyde and 0.25% glutaraldehyde buffered with 0.1 M phosphate buffer (pH 7.4, 2-4°C). The brain was re moved and the cerebral blood vessels were dissected out under an operative microscope. The blood vessels were placed in the cold perfusate for 2 days. The specimens were dried for 3 min using a commercial hairdryer. They were then placed on coverslips. Immediately thereafter, photographs were taken using a Leitz fluorescence mi croscope. The blood vessels were removed from the glass slide and stored in 0.3% Tr iton-X phosphate-buffered sa line solution for 4 days. Immunohistochemical reactions were carried as described above.
Sympathectomy
Unilateral superior cervical ganglionectomy was per formed in four guinea pigs. One week after the gan glionectomy, the necessary steps for amine histofluores cence or AChE staining combined with VIP immuno histochemistry were taken in the manner described above.
RESULTS
VIP-containing nerve fibers along the cerebral blood vessels
Many VIP-immunoreactive nerve fibers were ob served in the cerebral arteries. These nerve fibers showed quite a regular spiral pattern ( Fig. la and  b ). Under higher magnification, a VIP-containing nerve fiber revealed many varicosities, running tor tuously. The anterior portion of the circle of Willis (the internal carotid, anterior cerebral, and middle cerebral arteries) had a greater number of VIP fi bers than the posterior circulation ( Fig. Ia and b ). Even the small branches of the pial arteries (l00 /-Lm in diameter) received a small number of VIP fibers. In these small branches, VIP nerve fibers exhibited a meshwork pattern (Fig. Ic) . In the cerebral veins, / VIP fibers were much fewer in number than in the arteries.
Substance P-containing nerve fibers along the cerebral blood vessels Many substance P nerve fibers were noticed in the cerebral arteries, though there were fewer of these than VIP fibers. The running pattern of sub stance P nerve fibers was meshwork (Fig. 2) . Ob servation under higher magnification defined the straight running pattern of substance P fibers. This kind of fiber was distributed more densely in the anterior part of the circle of Willis than in the pos terior part. The same was observed for VIP fibers (Fig. 2) . In the pial arteriole, scattered substance P fibers were seen in a longitudinal pattern. The ce rebral veins showed only a small number of these fibers.
Comparison with aminergic and cholinergic innervation
For comparison between aminergic and pepti dergic fibers, we devised a new method in which the same specimens were used for catecholamine histofluorescence and immunohistochemistry. This technique clearly demonstrated a completely dif ferent distribution pattern of substance P and ami nergic nerve fibers. By contrast, VIP fibers resem bled aminergic nerve fibers in distribution pattern. Moreover, some of them showed the same distri- bution as aminergic fibers, whereas others dis played a completely different distribution (Fig. 3) . After sympathectomy, aminergic nerve fibers were entirely absent, but VIP nerve fibers showed no significant change. On the other hand, our combi nation method of immunohistochemistry and AChE staining permitted comparison with cholinergic nerve fibers. In the specimens subjected to VIP im munohistochemistry and AChE staining simulta neously, most of AChE-positive fibers revealed VIP immunoreactivity (Fig. 4) . However, in the outer most layer of the adventitia, a few large AChE-pos itive nerve fibers failed to show this.
Ultrastructure of VIP-and substance P-containing nerve fibers VIP and substance P immunoreactivities were recognized as electron dense substances by perox idase antiperoxidase electron immunohistochem istry. VIP-immunoreactive nerve terminals were observed mainly in the inner layer of the adventitia. Some of VIP terminals lay close to a muscle cell. The distance between the nerve terminals and a muscle cell measured 80-300 nm (Fig. Sa) . In con trast, most of substance P-immunoreactive termi nals were seen in the outer layer of the adventitia. These nerve terminals were surrounded by a Schwann cell with axon terminals showing no sub stance P immunoreactivity (Fig. 5b) .
DISCUSSION
Some authors have described VIP nerve fibers in the cerebral blood vessels (Larsson et al., 1976; Ed vinsson et al. , 1980) . However, there is no report showing their overall distribution and ultrastruc ture. In the present study, we showed that VIP containing nerve fibers reveal a spiral running pat tern similar to the muscle cell pattern (Rhodin, 1967) . Furthermore, our EM investigation demon strated that VIP-immunoreactive nerve terminals were present primarily in the inner layer of the ad ventitia, and that the distance between the muscle cell and VIP terminals measured 80-300 nm. From these facts it can be inferred that VIP nerve fibers may play a role in the smooth muscle control of the blood vessels. The intraventricular (Wilson et aI., 1981) and intraarterial (McCulloch and Edvinsson, 1980) administration of VIP was followed by an in crease of the local CBF. In addition, it was shown that the topical application of VIP to the cerebral arterioles and veins resulted in vasodilatation (McCulloch and Edvinsson, 1980; Wei et aI. , 1980; Edvinsson et aI., 1982) .
In contrast with VIP nerve fibers, substance P containing nerve fibers showed a meshwork pattern in the cerebral blood vessels. Ultrastructural obser vation clarified that substance P-immunoreactive terminal boutons were present in the outer layer of the adventitia apart from the smooth muscle cells. This morphological observation raised the possi bility that substance P nerve fibers may not take a part in smooth muscle contraction. However, Ed vinsson and Uddman (1982) reported that the top ical application of substance P to the pial arteriole and vein caused vasodilatation, together with the existence of perivascular substance P fibers in the both types of vessels. The observation of Klugman et al. (1980) that the intracerebral injection of sub stance P led to an increase of the local cerebral blood flow was also suggestive of the vasodilator effect of substance P-containing nerve fibers.
As well as aminergic and cholinergic neuron sys tems in the cerebral blood vessels, VIP and sub stance P nerve fibers were more abundant in the _ anterior than in the posterior circulation of the circle of Willis. Accordingly, the anterior circula tion may be more strongly controlled by neurogenic factors than the posterior circulation. Sercombe et ai. (1975) demonstrated the difference in CO2 reac tivity between these two circulations. Liu-Chen et ai. (1983) demonstrated the absence of substance P nerve fibers in the cerebral arteries after trigeminal ganglionectomy. However, trigem inal ganglionectomy failed to give rise to the com plete disappearance of substance P-immunoreac tive fibers, especially in the vertebral artery. This provided a basis for surmising that there might be another ganglion sending substance P axon fibers. The origin of VIP nerve fibers as well as of cholin ergic nerve fibers is still unknown. They may be derived from the parasympathetic ganglions around the brain, but this question is unresolved.
The present study revealed that VIP-and AChE containing (probably cholinergic) nerve fibers showed almost the same distribution pattern. In the specimens subjected to both VIP immunohisto chemistry and AChE staining, AChE-positive fibers without VIP immunoreactivity were limited to only a small number of large fibers in the outermost layer of the adventitia. This fact offers two possibilities: First, VIP and acetylcholine coexist in the same nerve fiber and, second, VIP nerve fibers are AChE positive (cholinoceptive). The coexistence of VIP and acetylcholine in some organs has been postu lated (Lundberg et aI., 1980; Lundberg, 198 1) . To test this, cell bodies sending VIP-and AChE-posi tive nerve fibers to the cerebral blood vessels should be studied further by choline acetyltrans ferase (Kan et al., 1980; Kimura et al. , 198 1; Houser et aI., 1983) and VIP immunohistochemistry.
In this work, amine histotluorescence combined with VIP immunohistochemistry demonstrated a very close relation between aminergic and VIP-con taining nerve fibers in the same specimen. After superior cervical ganglionectomy, aminergic nerve fibers were not seen in the cerebral blood vessels, whereas VIP nerve fibers underwent no significant changes. This leads us to conclude that VIP and noradrenaline exist in different nerve fibers, but that both nerve fibers can affect each other in the vessel wall. 1 Neurosci 2:16 9-1 77 Furness JB, Papka RE, Della NG, Costa M, Eskay RL (1982 ) 
